An alternative to affinity chromotography purification of proteins based on the use of a water-soluble biospecific polymer has been applied to the estrogen receptor from calf uterus. The receptor (4S-sin form) was bound to a dextran-estradiol conjugate (molecuLar weight 500,000) and the complex was isolated by gel filtration. Highly purified receptor was subsequently released from the dextran-estradiol conjugate by exchange with [3Hkestradiol. Biospecific adsorbents, i.e., insoluble materials containing covalently linked radicals capable of binding specific macromolecules (e.g., enzymes, antibodies), have been used extensively for purification of these macromolecules (reviews in refs. 1-3). In comparison with classical methods, affinity chromatography allows for substantially higher purification in a single step and is therefore particularly suitable for biological samples containing very low concentrations of the macromolecule of interest. This is the case with intracellular steroid hormone receptors, which are present in crude target tissue extracts at a concentration about 1/105 that of most other proteins. A biospecific step, therefore, is necessary for their purification (4-6). However, certain difficulties have been encountered due to properties of the insoluble support of the ligand. In particular, such material has a relatively high ion-exchange capacity, which results in considerable retention of nonspecific proteins along with receptor. These proteins subsequently contaminate the receptor preparation at elution. Moreover, the local concentration of ligand residues in the solid support used for affinity chromatography does not depend only on their overall concentration in the column or suspension, but also on the manner in which synthesis was performed. Due to the geometry of distribution of residues within the adsorbent, only a fraction may be accessible for binding to receptor molecules. Because of this, conditions for binding, as well as for release of receptor retained by the affinity adsorbent, must be established empirically.
-500,000). Estradiol was attached to the dextran molecule at the 7a position via an eight-atom spacer chain. 7a-Estradiol derivatives have proved to be most appropriate for purification of estrogen receptor by solid-support affinity chromatography in previous work (7, 8) . Binding of receptor to the estrogen residue covalently linked to the dextran macromolecule yielded a complex (molecular weight >500,000) that was easily separated by gel filtration chromatography from other proteins present in the preparation. Receptor was subsequently released
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by exchange with free [3H]estradiol and isolated by a second gel filtration procedure.
MATERIALS AND METHODS Synthesis of Dextran-Estradiol Conjugate. The preparation was carried out in two steps:
(i) Preparation of 3-amino-2-hydroxypropyl ether of dextran (9) . Five grams of dextran T-500 (Pharmacia, Uppsala) were dissolved in 7.5 ml of 25% aqueous Zn(BF4)2 and 5 ml of water. Epichlorohydrin (25 ml) was added with vigorous stirring; the mixture was allowed to react for 3 hr at 80°and subsequently overnight at room temperature. The polymer was precipitated by pouring the solution dropwise into acetone, filtered, and dried under reduced pressure. The resulting dextran derivative contains hydroxyl groups linked to a 3-carbon radical containing a Cl atom:
Dex-O-CH2-CH-CH2C1 OH 
Il]
The product (4.1 g containing -3% Cl) was purified by repeated dissolution in water and precipitation by acetone and methanol. The chlorine atom was subsequently replaced by an amino group as follows: The compound (1) was dissolved in 60 ml of H20 and 20 ml of 14 M aqueous ammonia. The solution was stirred for 20 hr at room temperature and then poured dropwise into 1 liter of methanol. The resulting precipitate of 3-amino-2-hydroxypropyl ether of dextran was filtered, washed with acetone, and dried under reduced pressure. The yield at this stage was 3.5 g.
(ii) Coupling of estradiol residues to modified dextran. In the second step of synthesis, 0.5 g of the 3-amino-2-hydroxypropyl ether of dextran was dissolved in 7 ml of H20, 30 mg of N-(3-dimethylaminopropyl)-N'-ethylcarbodiimide hydrochloride and 53 mg of estradiol-7a-butyric acid (synthesized as described in refs. 6 and 7) dissolved in 5 ml of formamide were added, and the mixture was allowed to react for 2 days at room temperature. The dextran-estradiol conjugate was precipitated by pouring into acetone, filtered, dried, dissolved in water, and reprecipitated by methanol. The remaining unsubstituted amino groups were acetylated by adding acetic anhydride to a solution of the dextran-estradiol derivative in 0.5 M aqueous sodium acetate. The reaction was carried out at 00 with stirring; the pH was maintained at 8 by addition of 1 M NaOH. After 0.5 hr the reaction was terminated by precipitating the polymer with methanol. The resulting product was dissolved in water, washed with ethylacetate in a Soxhlet-type liquid/liquid extraction apparatus, precipitated with methanol, and dried under reduced pressure. It contained approximately 3 X 10-5 estradiol equivalents per g, or one estradiol residue per 185 glucose units, as determined by UV spectroscopy (aqueous solution, e 2350; Xmax = 286 nm). The presumed structure of the product is shown in Fig. 1 .
Preparation of Crude "4S Trypsin" Estrogen Receptor (10) . Calf uteri were homogenized in 2 vol of 50 mM Tris-HCl/1.5 mM EDTA at pH 7.4 and the high-speed supernatant (100,000 X g for 1 hr) was precipitated by 0.55 M sodium citrate (2 hr at 4°). The precipitate was collected by centrifugation and redissolved in buffer (1/10 of the initial volume of the cytosol); trypsin was added to a final concentration of 100 ,g/ml. After -16 hr at 4-6°, diisopropyl fluorophosphate was added to a final concentration of 0.01%, vol/vol, and the solution was fractionated on an Ultrogel AcA-34 column. To identify the "4S region" of the effluent, we incubated a small portion (1/100 of the total volume of the redissolved pellet after trypsination) for 1 hr at 250 with 20 nM [3H]estradiol. The unbound steroid was then removed by charcoal adsorption and centrifugation, and the supernatant (containing "4S-trypsin" receptor-[3H]-estradiol complex) was added back to the rest of solution (containing free "4S-trypsin" receptor). Radioactivity was measured in aliquots of the effluent; the region corresponding to the 4S-peak was then pooled and concentrated by precipitation with (NH4)2S04 (40% saturation at 00) overnight and redissolved in 10 ml of the Tris/EDTA buffer. At (Fig. 3B) ume of sodium dodecyl sulfate-containing buffer. Any (unknown) losses of protein during these procedures would lead to an underestimation of protein and therefore to an overestimation of the degree of purity of the receptor. Second, the observation (Fig. 3 A and B ) that binding sites of the 4S region were saturated by 1.5 AM [3H]estradiol led to an estimation of an upper limit of -0.4 ttM for the KD of this material §; such a KD is 32 orders of magnitude lower than that for the most likely nonspecific binding protein, bovine serum albumin (13) . Third, electrophoresis of the 4S fraction (second peak, Fig. 3A ) on sodium dodecyl sulfate/polyacrylamide gel showed a single protein band (Fig. 3C) To estimate purity of the product, we concentrated the sample by dialysis against polyethylene glycol (20%, molecular weight 20,000), freeze-dried it, and redissolved it in 0.3 ml of 1% sodium dodecyl sulfate. Protein determination (12) indicated a specific activity of 1.4 X 109 dpm/mg of protein of the 4S peak, corresponding to a receptor of about 80% purity. This result was obtained by relating the amount of receptor (measured in terms of [3H]estradiol in the peak), assuming one binding site per 63,000-dalton molecule, to the quantity of total protein. This last assumption could not be verified since purified receptor was unstable at the dilution encountered under our experimental conditions ('-.5 ,gg of receptor protein per ml).
For the same reason it was not possible to carry out studies, such as the determination of binding constants or electrophoresis, in a nondenaturing system. Estimation of purity is also dependent on the choice of standard protein; the ideal standard, pure estrogen receptor of calf uterus, does not exist; therefore, bovine serum albumin serves as an approximation. In order to obtain this degree of purification, we had to isolate dextranestradiol-receptor complex by gel filtration at room temperature (22-230). Under these conditions contamination of the void volume fraction by (albumin-like) proteins that bind with a low affinity to the dextran-estradiol conjugate was minimized.
The quantity of material that can be purified by this technique is limited only by the size of columns used for gel filtration. In our experiments, the miaximum starting volume of Biochemistry: Hubert et al. cytosol was 1 liter (400 g of calf uteri), which resulted in [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] ,gg of purified receptor (depending on the quality of tissue). The relatively easy technique based on the use of gel filtration for isolation of complexes consisting of specific proteins reversibly bound to high molecular weight, soluble derivatives should prove applicable to purification of various biological macromolecules. A similar approach has been previously used in the purification of certain proteins (e.g., pyruvate kinase and blood coagulation factors) that bind nonspecifically but preferentially to the chromophore of Blue Dextran (17) (18) (19) . Moreover, the principle of the method could be altered such that the biospecific derivative chosen may possess another distinctive feature (e.g., polarity, charge, affinity for another material) instead of high molecular weight, which would facilitate its isolation from contaminating proteins. A Proc. Nati. Acad. sci. usA 75 (1978) 
